INTRODUCTION
============

The transport of [L]{.smallcaps}-lactate across the plasma membrane of mammalian cells is catalysed by proton-linked MCTs (monocarboxylate transporters) of which four isoforms have been characterized: MCT1, MCT2, MCT3 and MCT4 \[[@B1]--[@B5]\]. These transporters are encoded by separate genes and belong to the MCT family \[SLC16 (solute carrier 16)\] that contains 14 members in humans and mice \[[@B6]\]. MCT1 is widely expressed and is important for the uptake of lactic acid by heart and red skeletal muscle, where it acts as a major respiratory fuel, and for gluconeogenesis in the liver and kidney of some species \[[@B7]--[@B11]\]. MCT2 is a higher-affinity transporter \[[@B2]\] and may facilitate the uptake of lactic acid for gluconeogenesis in the liver and kidney where it is the dominant MCT isoform in some, but not all, species \[[@B6],[@B9],[@B12]\]. MCT2 is also expressed in neurons, especially at the postsynaptic density, where it may facilitate the uptake of lactic acid, produced by glycolysis in astrocytes, for oxidation as a respiratory fuel \[[@B13],[@B14]\]. The expression of MCT3 is limited to the basal membrane of the retinal pigment epithelium and choroid plexus epithelia \[[@B15],[@B16]\], whereas MCT4 is primarily expressed in highly glycolytic cells, such as white muscle fibres, where it is used to facilitate lactic acid efflux from the tissue \[[@B17],[@B18]\], and is up-regulated in other cells under hypoxic conditions \[[@B19]\].

All members of the MCT family are predicted to have 12 TM (transmembrane) α-helices with a large loop between TMs 6 and 7 that faces the intracellular side of the membrane as do the C- and N-termini. For most MCT isoforms, the N-terminus is relatively short, whereas the C-terminus and TM6/7 loop are quite long and show little sequence identity between isoforms \[[@B6],[@B11]\]. For MCT1, the proposed structure has been confirmed by proteolytic cleavage and labelling studies, as well as by molecular modelling \[[@B20]--[@B23]\]. An ancillary protein, either basigin or embigin, is required for MCT1--MCT4 to be properly expressed at the plasma membrane \[[@B21]--[@B24]\]. Embigin and basigin are single-TM glycoproteins with two or three extracellular Ig domains \[[@B25]--[@B28]\], and the continued interaction between the MCT and its ancillary protein is essential to maintain transporter activity \[[@B21],[@B22]\]. Basigin is the normal binding partner for MCT1, MCT3 and MCT4 \[[@B22],[@B29]--[@B34]\], although MCT1 may be expressed with embigin in some tissues such as rat erythrocytes \[[@B24]\]. In contrast, MCT2 prefers embigin as its binding partner \[[@B22]\].

In order to elucidate the importance of each MCT isoform in particular metabolic pathways and disease states, it would be highly desirable to develop isoform-specific inhibitors. A new class of specific and extremely high-affinity inhibitors of MCT1 have been discovered by AstraZeneca \[[@B35]--[@B37]\]. We have confirmed the ability of one of these inhibitors, AR-C155858, to inhibit MCT1 in rat erythrocytes with a *K*~i~ value of approx. 2 nM and demonstrated similar high-affinity inhibition of both MCT1 and MCT2 when they are expressed in *Xenopus laevis* oocytes. In contrast, MCT4 was not inhibited, and by studying MCT1/MCT4 chimaeric transporters, we were able to locate the inhibitor binding site to TMs 7--10 of the C-terminal half of MCT1 \[[@B38]\]. In studies directed towards establishing the relationship between the structure and function of MCT2, we found that co-expressing MCT2 with embigin in *X. laevis* oocytes significantly increased plasma membrane expression and activity of the transporter. However, when we investigated the inhibition of MCT2 activity by AR-C155858 under these conditions, we found a major reduction in inhibitor sensitivity. In the present paper, we report the results of these studies and provide evidence for an interaction of embigin with both the C-terminus and TM3 and TM6 of MCT2, but not MCT1, that plays an important role in mediating this reduced inhibitor sensitivity.

EXPERIMENTAL
============

Materials
---------

All reagents were obtained from Sigma unless stated otherwise, and most antibodies were obtained from the sources cited in \[[@B38]\]. Rabbit polyclonal antibodies against the C-terminus of rat embigin were raised in-house as described previously \[[@B22]\], and the anti-HA (haemagglutinin) antibody was purchased from Covance. Restriction enzymes were obtained from Roche Applied Science. Rat and rabbit blood were purchased from Harlan SeraLabs. *X. laevis* toads were obtained from Xenopus Express and oocytes were harvested as described previously \[[@B21]\]. [L]{.smallcaps}-\[^14^C\]Lactate was obtained from GE Healthcare. AR-C155858 was obtained from AstraZeneca and made up as a 10 mM stock in DMSO.

Detection of basigin and embigin in *Xenopus* oocytes by RT (reverse transcription)--PCR
----------------------------------------------------------------------------------------

A BLAST search of the EST (expressed sequence tag) database with the protein sequence for rat basigin and embigin identified a full-length mRNA sequence for *X. laevis* basigin (BC099064.1) and a partial mRNA sequence (853 bp) that was highly homologous with embigin (EB645817). Whereas the former was common in the EST database, the embigin sequence gave only three hits (thymus cDNA library). These sequences were used to design primers (see Supplementary Table S1 at <http://www.BiochemJ.org/bj/431/bj4310217add.htm>) for PCR detection of embigin and basigin in *X. laevis* oocytes using *Xenopus* thymus tissue as a positive control. RNA was extracted from the oocytes and thymus using TRIzol® reagent (Invitrogen) following the manufacturer\'s protocol. cDNA was synthesized with Expand Reverse Transcriptase (Roche) and used in PCRs. Thermocycling was performed using the following parameters: 1 min at 95 °C, 1 min at 55 °C and 1 min at 72 °C for 5 cycles, and 1 min at 95 °C, 1 min at 50 °C and 1 min at 72 °C for 30 cycles. PCR products were analysed by agarose gel electrophoresis.

Generation of MCT chimaeras and truncations of rat MCT1 and MCT2
----------------------------------------------------------------

Chimaeras of MCT1 and MCT2 were created in which the N- and C-terminal halves either side of the TM6/7 loop (MCT2/1 and MCT1/2) or just the C-terminal tails (MCT1/2c and MCT2/1c) were swapped. The rationale and methodology used was the same as that described previously \[[@B38]\]. The MCT1/2 and MCT2/1 loop chimaeras were produced based upon a stretch of nucleotide sequence similarity near the end of the TM6/7 large intracellular loop consisting of residues (P/K)(K/R)(G/L)(E/S)K(L/V)S (MCT1/MCT2). Similarly the MCT1/2c and MCT2/1c C-terminal chimaeras were based on a conserved YRL (Tyr-Arg-Leu) sequence one residue downstream of the end of TM12 for both MCT1 and MCT2. Sequences for all primers used are given in Supplementary Table S1 and were designed to be between 15 and 30 bases in length. The C-terminal truncation of MCT1 (MCT1trn) was produced as described previously \[[@B38]\]. For C-terminal truncation of MCT2 (MCT2trn), PCR was used to produce MCT2 lacking the sequence C-terminal of the end of TM12, just as was performed when making the MCT2/1c chimaera, but the product was ligated into the pGEM-T Easy vector system (Promega). From here, it was extracted by EcoRI digestion and ligated into EcoRI-linearized oocyte pGHJ vector with a stop codon within the plasmid sequence downstream of MCT2trn. Since the anti-MCT2 antibodies were raised against the C-terminus, in order to monitor plasma membrane expression of MCT2trn, an HA tag (a short peptide sequence, YPYDVPDYA) was added to the N-terminus of MCT2. This was performed by insertion of the MCT2trn construct into a linearized pcDNA3 vector (Invitrogen) previously modified by Dr Harry Mellor (Department of Biochemistry, University of Bristol) to include the HA tag upstream of the inserted DNA (HA-pcDNA3), while maintaining the reading frame between the HA tag and MCT sequence. Subsequently, the HA--MCT2trn construct was extracted from the pcDNA3 vector using PCR with the primers given in Supplementary Table S1. These contained XbaI restriction enzyme sites both upstream and downstream of the HA--MCT2trn cDNA, enabling insertion of the HA-tagged construct into the appropriately linearized pGHJ vector. Confirmation that all of the desired changes had been correctly engineered was provided by sequencing (DNA Sequencing & Services, University of Dundee, Dundee, U.K.).

Measurement of MCT1 activity in erythrocytes
--------------------------------------------

[L]{.smallcaps}-Lactate transport into rat and rabbit erythrocytes was measured by monitoring the change in extracellular pH with a pH-sensitive electrode as described previously \[[@B22],[@B38]\]. The erythrocytes (5% haematocrit) were pre-incubated for 1 h at room temperature (22 °C) with or without AR-C155858 at the required concentration before assaying transport of [L]{.smallcaps}-lactate (10 mM) at 6 °C. Initial rates of transport were calculated by first-order regression analysis of the time course of pH change and converted into nmol of H^+^/min by determining the pH change induced by small additions of standardized NaOH.

Measurement of MCT transport activity in *Xenopus* oocytes
----------------------------------------------------------

cRNA was prepared and injected into *X. laevis* oocytes as described previously \[[@B21],[@B38]\]. For all assays, 10 ng of MCT cRNA ±10 ng of rat embigin cRNA in 9.2 nl of water were injected, with controls receiving just water. MCT and embigin expression at the plasma membrane of oocytes was confirmed by immunofluorescence microscopy as described previously \[[@B21],[@B38]\]. MCT kinetic assays were performed by monitoring intracellular pH with H^+^-sensitive dye BCECF \[2′,7′-bis-(2-carboxyethyl)-5(6)-carboxyfluorescein\] or by determining the uptake of [L]{.smallcaps}-\[^14^C\]lactate (7.4 MBq/ml) \[[@B5],[@B21],[@B23],[@B38]\]. The uptake buffer contained 75 mM NaCl, 2 mM KCl, 0.82 mM MgCl~2~, 1 mM CaCl~2~ and 20 mM Tris/Hepes (pH 7.4). AR-C155858 inhibitor titrations were performed at pH 6 with oocytes pre-incubated for 45 min in a different uptake buffer (75 mM NaCl, 2 mM KCl, 0.82 mM MgCl~2~, 1 mM CaCl~2~ and 20 mM Mes, pH 6) containing the required concentration of AR-C155858 prior to measuring the uptake of [L]{.smallcaps}-\[^14^C\]lactate (0.5 mM) as described previously \[[@B38]\]. Unless stated otherwise, uptake was determined over 2.5 min for all MCT constructs except for MCT2trn with or without embigin and MCT2/1 with or without embigin, where 5 and 10 min were used respectively. We determined that these conditions represented the longest period over which uptake was linear with time (results not shown).

RESULTS
=======

Embigin enhances MCT2 expression in *Xenopus* oocytes
-----------------------------------------------------

We have shown previously that MCT2 usually associates with embigin rather than basigin \[[@B22]\]. If *Xenopus* oocytes express endogenous basigin, but not embigin, this might explain the poor expression of exogenous MCT2 relative to MCT1 \[[@B38]\]. In order to determine whether or not this was the case, we performed RT--PCR analysis of mRNA extracted from *Xenopus* oocytes using primers designed against *Xenopus* basigin and embigin as described in the Experimental section. Results are reported in [Figure 1](#F1){ref-type="fig"}(A). As anticipated, a strong signal was found for basigin, but not for embigin. As a positive control, we were able to detect embigin using mRNA from *Xenopus* thymus in agreement with the presence of embigin in a *Xenopus* thymus cDNA library (EST database accession number EB645817). Since we do not have suitable antibodies to detect endogenous *Xenopus* embigin or basigin, we were unable to confirm these results at the protein level. However, using Western blot analysis of a crude membrane fraction ([Figure 1](#F1){ref-type="fig"}B) and confocal microscopy of sections of *Xenopus* oocytes ([Figure 1](#F1){ref-type="fig"}C), we were able to confirm that, when oocytes were co-injected with cRNA for rat embigin and MCT2, the plasma membrane expression of MCT2 was increased relative to the MCT2 expressed in the absence of embigin. Coincident with this, the co-expression of embigin reduced the amount of MCT2 located in a compartment beneath the plasma membrane in the absence of embigin ([Figure 1](#F1){ref-type="fig"}C) and increased the rate of [L]{.smallcaps}-lactate transport into the oocytes ([Figure 2](#F2){ref-type="fig"}). In contrast, embigin failed to enhance the plasma membrane expression of MCT1 ([Figures 1](#F1){ref-type="fig"}B and [1](#F1){ref-type="fig"}C) and produced no increase in the rate of lactate transport ([Figure 2](#F2){ref-type="fig"}). The modest expression of MCT2 in the absence of embigin is likely to reflect its association with endogenous *Xenopus* basigin or a currently unidentified ancillary protein. We confirmed this by demonstrating that when this endogenous basigin was knocked down by microinjecting an antisense cDNA against basigin, expression of MCT2 was greatly reduced ([Figure 1](#F1){ref-type="fig"}D). This was associated with rates of lactate transport a little higher than in non-injected controls. Scrambled antisense cDNA was without effect on either MCT2 expression or lactate transport.

![Importance of embigin for MCT2 expression in oocytes\
(**A**) Expression of endogenous basigin (Bas) and embigin (Emb) in *X. laevis* oocytes and thymus determined by RT--PCR. Sizes are indicated in bp. (**B**) Membrane preparations of oocytes expressing MCT1 or MCT2 in the presence or absence of embigin were subject to SDS/PAGE and Western blotting with the anti-MCT1 or the anti-MCT2 antibody as indicated. Sizes are indicated in kDa. (**C**) Immunofluorescence confocal microscopy on sections of the oocytes using the appropriate antibody against rat MCT1 or MCT2 with or without embigin (Emb). For MCT2 in the absence of embigin, arrows show weak plasma membrane (PM) and stronger intracellular (IC) expression. (**D**) [L]{.smallcaps}-\[^14^C\][L]{.smallcaps}actate uptake (mean+S.E.M., *n*=20--30) for water-injected oocytes and those expressing MCT2 in the presence or absence of antisense oligonucleotide against endogenous basigin or a scrambled antisense (AS) oligonucleotide. A Western blot of a crude membrane preparation is shown to confirm knockdown of MCT2.](bic576i001){#F1}

![The sensitivity of MCT2 to inhibition by AR-C155858 is decreased by co-expression of embigin\
Inhibition of [L]{.smallcaps}-lactate transport activity at pH 6 by increasing concentrations of AR-C155858 was determined using 0.5 mM [L]{.smallcaps}-\[^14^C\]lactate (pH 6). Results are means±S.E.M. for 27--107 separate oocytes at each inhibitor concentration.](bic576i002){#F2}

Embigin reduced the sensitivity of MCT2, but not MCT1, to inhibition by AR-C155858
----------------------------------------------------------------------------------

In [Figure 2](#F2){ref-type="fig"}, we show that co-expression of embigin with MCT1 had no effect on the high sensitivity of this isoform to inhibition by AR-C155858. However, the situation with MCT2 was more complex. In the absence of embigin, the first addition of the inhibitor (10 nM) reduced the rate of transport by approx. 20 pmol/min per oocyte, which represented a 70% inhibition of transport. With further inhibitor additions, there was a progressive inhibition that reached nearly 100% at 100 nM AR-C155858 as described previously \[[@B38]\]. In the presence of embigin, the absolute reduction in transport rate by 10 nM AR-C155858 was again approx. 20 pmol/min per oocyte, but further additions of AR-C155858 gave little additional inhibition. Indeed, the difference between the rate of lactate uptake in the presence and absence of embigin remained almost constant at approx. 40 pmol/min per oocyte concentrations as the AR-C155858 concentration was increased from 10 nM to 100 nM. Thus approx. 50% of transport mediated by MCT2 co-expressed with embigin appears to be resistant to inhibition by AR-C155858. It would seem probable that this inhibitor-insensitive transport represents the activity of MCT2 that is associated with embigin, whereas the remaining 50% that is inhibitor-sensitive represents transport mediated by MCT2 associated with endogenous basigin. No such inhibitor-insensitive transport was observed when MCT1 was co-expressed with embigin.

Although it is quite possible that the MCT1 continues to utilize endogenous basigin rather than embigin under these conditions, we have shown previously that in rat erythrocytes, where MCT1 is naturally expressed in association with embigin, AR-C155858 still inhibits lactate transport potently with a *K*~i~ value of 2.3 nM \[[@B38]\]. However, to confirm that MCT1 sensitivity to AR-C155858 is unaffected by its choice of ancillary protein, we compared inhibitor titrations of lactate transport into rabbit erythrocytes, where MCT1 is naturally expressed in association with basigin \[[@B22]\], with those of rat erythrocytes, where embigin acts as the ancillary protein. The results are shown in [Figure 3](#F3){ref-type="fig"}. As described previously for rat erythrocytes \[[@B38]\], the potency of inhibition is such that a linear relationship between \[AR-C155858\] and rate of transport is observed for both species. The extrapolation to zero rate gives an approximate estimate of the number of binding sites for the inhibitor which is similar for both rat and rabbit erythrocytes despite the 2-fold higher absolute rate of transport seen in the rabbit erythrocytes at the same pH. When rates of transport are expressed as a percentage of control (zero inhibitor) the two plots superimpose (inset), also implying that there are a similar number of binding sites with the same affinity for AR-C155858 in both species. Thus the turnover number for MCT1 in rabbit erythrocytes must be approx. 2-fold higher than for rat erythrocytes under these conditions. Our findings do not allow us to determine with certainty whether this reflects an effect of the ancillary protein on the *k*~cat~ of MCT1 or whether it is a property of the MCT itself.

![Sensitivity to inhibition by AR-C155858 of MCT1 associated with basigin or embigin in rabbit and rat erythrocytes respectively\
The rate of transport of 10 mM [L]{.smallcaps}-lactate (pH 7) into rabbit or rat blood at 5% haematocrit was monitored by extracellular pH following 1 h of pre-incubation with the concentration of AR-C155858. The inset shows the superimposed data for both species with rates expressed as percentages of control (no inhibitor). Linear regression was used to calculate the plot.](bic576i003){#F3}

Using MCT1/MCT2 chimaeras to investigate how embigin co-expression desensitizes MCT2 to inhibition by AR-C155858
----------------------------------------------------------------------------------------------------------------

Since potent inhibition of MCT1 by AR-C155858 is observed whether MCT1 is associated with embigin or basigin, we sought to establish what regions of MCT2 are responsible for the desensitizing effect of embigin. We have previously created chimaeric MCTs utilizing different segments of MCT1 and MCT4 in order to identify the region of MCT1 that is likely to be the binding site for AR-C155858 \[[@B38]\]. These results identified the binding site to be in the C-terminal half of the molecule. Thus we adopted a similar approach with MCT1/MCT2 chimaeras. We successfully created a chimaera in which the N-terminal half of MCT2 (up to the end of the intracellular loop between TMs 6 and 7) was combined with the C-terminal half of MCT1. This chimaera (MCT2/1) was strongly expressed at the plasma membrane of the oocyte ([Figure 4](#F4){ref-type="fig"}A) and gave kinetics of [L]{.smallcaps}-lactate transport, determined with the BCECF method, indistinguishable from those for MCT1 ([Table 1](#T1){ref-type="table"}). Co-expression of embigin had no effect on the *K*~m~ for [L]{.smallcaps}-lactate ([Table 1](#T1){ref-type="table"}), neither did it have a profound effect on either the level of expression at the plasma membrane ([Figure 4](#F4){ref-type="fig"}A) or the *V*~max~ of transport ([Figure 4](#F4){ref-type="fig"}B). Inhibition of MCT2/1 in the absence of embigin was similar to that of MCT1 ([Figure 4](#F4){ref-type="fig"}B), although when co-expressed with embigin, the chimaera appeared slightly less sensitive to the inhibitor. However, if association with embigin rather than basigin decreases the *k*~cat~ of MCT2/1, then this difference may merely reflect a greater expression of a less active transporter rather than a decrease in inhibitor binding affinity. We were also able to express the equivalent MCT1/2 chimaera at the plasma membrane of oocytes independently of embigin ([Figure 4](#F4){ref-type="fig"}), but these oocytes showed no increase in the rates of [L]{.smallcaps}-lactate transport, suggesting this chimaera was inactive for some reason.

###### Summary of the [L]{.smallcaps}-lactate *K*~m~ values and sensitivity to inhibition by AR-C155858 of MCT chimaeras expressed in the presence and absence of exogenous embigin

The *K*~m~ values reported were derived either by monitoring changes in intracellular pH with BCECF or using [L]{.smallcaps}-\[^14^C\]lactate uptake (asterisk) as described in the Experimental section. The majority of the kinetic data was obtained using the BCECF technique which was preferred over the radioactive technique since it allowed a single egg to be used for a complete *K*~m~ estimation, reducing errors associated with the various levels of expression. However, this technique could not be used for MCT2 and chimaeras that were poorly expressed and have low *K*~m~ values because the pH changes associated with uptake were too small to detect accurately with BCECF. In these cases, we needed to use the radioactive technique as we have done previously \[[@B2]\]. Results are means±S.E.M. derived from the fit of the mean data to the Michaelis--Menten equation by non-linear least-squares analysis. For [L]{.smallcaps}-\[^14^C\]lactate uptake, [L]{.smallcaps}-lactate concentrations used were 0.2, 0.5, 1, 2 and 5 mM, whereas for BCECF measurements, the concentrations were 2.5, 5, 10, 20 and 50 mM. The *n* values given in parentheses represent the number of separate eggs used at each substrate concentration. The expression at the plasma membrane is a qualitative indicator only, with +++ for good expression (as for MCT1 with or without embigin), ++ for modest expression (as for MCT2/1c without embigin), + for poor expression (as for MCT2 without embigin) and − for no expression (as for MCT2trn without embigin). The transporter activity represents the activity in the absence of inhibitor as monitored by [L]{.smallcaps}-\[^14^C\]lactate (0.5 mM, pH 6) uptake with results as means±S.E.M. (as for [Figure 5](#F5){ref-type="fig"}). Initial sensitivity to AR-C155858 describes the decrease in rate between control and 10 nM AR-C155858 as a percentage of the control rate, whereas the inhibitor-insensitive component is the rate remaining at 100 nM AR-C155858 as a percentage of the control rate±S.E.M. Inhibitor data are taken from [Figures 2](#F2){ref-type="fig"}, [4](#F4){ref-type="fig"} and [6](#F6){ref-type="fig"} and are expressed with or without (in parentheses) correction for rates of uptake in water-injected oocytes. n/a, not applicable.

  MCT chimaera   Embigin co-expressed   Expression at plasma membrane   Activity (pmol/min per oocyte)   Lactate *K*~m~ (mM)   Initial sensitivity to AR-C155858 (%)   Inhibitor-insensitive component (%)
  -------------- ---------------------- ------------------------------- -------------------------------- --------------------- --------------------------------------- -------------------------------------
  MCT1           No                     +++                             85±6.4 (30)                      4.4±1.5 (4)           28±3 (26±3)                             1.9±0.6 (8±0.6)
  MCT1           Yes                    +++                             119±7.8 (30)                     6.1±1.7 (4)           34±5 (32±5)                             7.4±1.3 (12±1)
  MCT2           No                     \+                              32±3 (30)                        1.0±0.2 (8)\*         51±7 (42±6)                             12±2 (25±2)
  MCT2           Yes                    +++                             83±3.3 (106)                     2.3±0.3 (8)\*         31±4 (28±4)                             43±3 (47±3)
  MCT1/2         No                     +++                             1.8±0.3 (10)                     n/a                   n/a                                     n/a
  MCT1/2         Yes                    +++                             2.3±0.3 (10)                     n/a                   n/a                                     n/a
  MCT1/2c        No                     +++                             143±2.7 (20)                     4.4±1.4 (6)           21±2 (20±2)                             6±0.4 (10±0.4)
  MCT1/2c        Yes                    +++                             127±3.7 (20)                     4.3±1.2 (6)           6±6 (6±6)                               44±4 (46±4)
  MCT1trn        No                     +++                             149±10.2 (20)                    4.5±2.1 (7)           25±7 (24±7)                             10±2 (13±1)
  MCT1trn        Yes                    +++                             139±5.4 (20)                     4.5±1.0 (5)           27±5 (26±5)                             12±1 (15±1)
  MCT2/1         No                     +++                             40±2.2 (10)                      5.04±0.60 (4)         40±5 (34±4)                             0±3 (8±2)
  MCT2/1         Yes                    +++                             54±4.4 (10)                      4.70±0.96 (4)         34±13 (30±11)                           20±4 (28±4)
  MCT2/1c        No                     ++                              74±6.1 (29)                      2.4±2.2 (4)           33±6 (30±6)                             21±2 (26±2)
  MCT2/1c        Yes                    +++                             103±7 (28)                       1.5±0.5 (7)           10±8 (9±8)                              73±6 (74±6)
  MCT2trn        No                     −                               2.4±1.3 (15)                     n/a                   n/a                                     n/a
  MCT2trn        Yes                    \+                              44±2.7 (28)                      1.4±0.2 (8)\*         46±3 (39±2)                             37±3 (44±2)

![The sensitivity of MCT1/2 and MCT2/1 chimaeras to inhibition by AR-C155858\
(**A**) Immunofluorescence confocal microscopy data with appropriate C-terminal antibodies (Ab) of sections of oocytes expressing MCT1/2 or MCT2/1 with or without exogenous embigin. (**B**) Inhibition of lactate transport activity by increasing concentrations of AR-C155858 determined using 0.5 mM [L]{.smallcaps}-\[^14^C\]lactate (pH 6) over 10 min. Results are means±S.E.M. for ten separate oocytes at each inhibitor concentration.](bic576i004){#F4}

We next created chimaeras in which just the C-terminal tail was swapped between MCT1 and MCT2 (MCT1/2c and MCT2/1c) or truncated MCT1 and MCT2 without the C-terminal tail (MCT1trn and MCT2trn). [Figure 5](#F5){ref-type="fig"} shows that all of these constructs facilitated lactate transport whether or not embigin was co-expressed, with the exception of MCT2trn whose activity required embigin co-expression. As might be predicted, MCT1/2c and MCT1trn exhibited similar rates of transport to that of MCT1 with no stimulation of transport activity ([Figure 5](#F5){ref-type="fig"}A) or expression ([Figure 5](#F5){ref-type="fig"}B and Supplementary Figure S1 at <http://www.BiochemJ.org/bj/431/bj4310217add.htm>) when co-expressed with embigin. More surprising was that the MCT2/1c chimaera gave significantly higher rates of lactate transport than MCT2 itself with a less pronounced effect of co-expressed embigin. However, when the C-terminal tail of MCT2 was totally removed (MCT2trn), little, if any, transport was observed in the absence of co-expressed embigin, whereas co-expression with embigin bought about rates approx. 60% of full-length MCT2 plus embigin. Interestingly, the absolute increase in rate of transport by MCT2trn induced by embigin was similar to that observed for full-length MCT2. Expression data were consistent with these transport data. Thus MCT2trn showed no detectable expression at the oocyte plasma membrane unless co-expressed with embigin ([Figure 5](#F5){ref-type="fig"}B), whereas full-length MCT2 showed a small expression at the plasma membrane that was enhanced by embigin as described above ([Figure 1](#F1){ref-type="fig"}C). It should be noted that, in order to detect MCT2trn expression, we attached an HA tag to the N-terminus of MCT2 as described in the Experimental section and used anti-HA antibodies. This was necessary because our own anti-MCT2 antibody was raised against the C-terminus of MCT2 \[[@B9]\], which is not present in MCT2trn. The activity of all other constructs also correlated with their plasma membrane expression (see Supplementary Figure S1).

![The C-terminus of MCT2 plays a role in its association with endogenous basigin, but not co-expressed embigin\
(**A**) Rates of [L]{.smallcaps}-\[^14^C\]lactate (0.5 mM) uptake into oocytes expressing the MCT or MCT chimaera indicated, in the presence of absence of co-expressed embigin. Uptake was assayed at a time where uptake is linear with time: 2.5 min for all except 5 min for MCT1/2 and MCT2trn, and 10 min for MCT2/1. Results are means±S.E.M. for the number of separate oocytes shown in [Table 1](#T1){ref-type="table"}. (**B**) Immunofluorescence microscopy data of the oocytes using C-terminal antibodies against MCT2 or, in the case of the MCT2trn construct, against the HA tag inserted at the N-terminus. Emb, embigin.](bic576i005){#F5}

Having established the expression of the different C-terminal constructs in the presence and absence of embigin, we investigated their sensitivity to inhibition by AR-C155858. [Figure 6](#F6){ref-type="fig"}(A) shows that MCT1trn and MCT1/2c exhibit potent inhibition by AR-C155858, similar to that observed for MCT1 itself ([Figure 2](#F2){ref-type="fig"}). Co-expression of embigin did not affect the sensitivity of the MCT1trn to AR-C155858, consistent with its effects on full-length MCT1 ([Figure 2](#F2){ref-type="fig"}). However, the MCT1/2c chimaera showed an altered sensitivity to inhibition by AR-C155858 when co-expressed with embigin ([Figure 6](#F6){ref-type="fig"}A), similar to that observed for the MCT2/1 chimaera ([Figure 4](#F4){ref-type="fig"}). These results imply that the presence of the C-terminus of MCT2 led to expression of some of the chimaera with embigin rather than endogenous basigin and that this interaction caused the observed reduction in sensitivity to AR-C155858. Desensitization was characterized by a shallower slope of the inhibition plot compared with that for MCT1 and is distinct from the effect of embigin on the AR-C155858 inhibition profile of MCT2. In the case of MCT2, the initial profile of the inhibition plot was similar to that for MCT1 at low inhibitor concentrations, but then reached a plateau phase in which little additional inhibition occurred ([Figure 2](#F2){ref-type="fig"}). The shallow slope of the inhibition profile of MCT1/2c in the presence of embigin could be the result of an interaction between the C-terminus of MCT2 with the C-terminus of embigin. However, an alternative explanation would be that MCT1/2c co-expressed with embigin showed a greater expression, but lower *k*~cat~ than when expressed with endogenous basigin. This would give the same rate of transport despite greater transporter expression, and thus a shallower inhibitor titration as observed.

![The sensitivity to inhibition by AR-C155858 of MCT1/MCT2 C-terminal chimaeras and truncations in the presence and absence of co-expressed embigin\
Inhibition of lactate-transport activity by increasing concentrations of AR-C155858 was determined at pH 6 using 0.5 mM [L]{.smallcaps}-\[^14^C\]lactate. Results are means±S.E.M. of 10--20 (**A**) or 16--30 (**B**) separate oocytes for each inhibitor concentration. Slight variations in the control rates from those reported in [Figure 5](#F5){ref-type="fig"} are typical of those seen between different batches of oocytes and cRNA preparations. Immunofluorescence confocal microscopy of oocyte sections are presented in Supplementary Figure S1 at <http://www.BiochemJ.org/bj/431/bj4310217add.htm> to confirm plasma membrane expression of the different constructs. emb, embigin.](bic576i006){#F6}

Help in discriminating between these two possibilities was sought by studying a chimaera in which the C-terminus of MCT2 was replaced with the MCT1 C-terminus (MCT2/1c). This chimaera was active in the absence of co-expressed embigin and was very sensitive to AR-C155858 as predicted, but with a small inhibitor-insensitive component similar to that seen for full-length MCT2. However, the presence of the MCT1 C-terminus appeared to enhance association with endogenous basigin since the stimulation of transport seen by co-expression with embigin was less for MCT2/1c than MCT2 ([Figure 5](#F5){ref-type="fig"}A). Nevertheless, when MCT2/1c was co-expressed with embigin the inhibitor-insensitive component of transport was greater, implying that, when associated with embigin rather than endogenous basigin, MCT2/1c becomes inhibitor-insensitive. Consistent with this, the majority of transport mediated by the C-terminally truncated MCT2 (MCT2trn) co-expressed with embigin was also insensitive to inhibition by AR-C155858.

DISCUSSION
==========

The present study involved the use of a variety of MCT1/MCT2 chimaeras expressed in oocytes in the presence and absence of embigin. To aid interpretation of the data, [Table 1](#T1){ref-type="table"} provides [L]{.smallcaps}-lactate *K*~m~ values for all of the chimaeras and truncated MCTs when expressed in the presence or absence of exogenous embigin as well as summarizing the effects of embigin on MCT expression and inhibitor sensitivity. [Figure 7](#F7){ref-type="fig"} is a schematic diagram that provides a tentative explanation of our data. Swapping or truncation of the C-terminal tails had no effect on the [L]{.smallcaps}-lactate *K*~m~ values, but the MCT2/1 chimaera had a *K*~m~ value more similar to that of MCT1 (4--5 mM) than that of MCT2 (1--2 mM). This is consistent with previous work that has implicated the C-terminal half of MCT1 and MCT4 in their substrate affinity \[[@B7],[@B21],[@B23],[@B39],[@B40]\]. The presence or absence of exogenous embigin had no significant effect on *K*~m~ values, suggesting that the kinetic properties of an MCT are not greatly influenced by the ancillary protein with which it is associated.

![Schematic diagram of how MCT--ancillary protein interactions may affect expression and AR-C155858 binding\
Interactions between the TM of the ancillary protein and TMs 3 and 6 of the MCT are shown as being either strong (thick arrows) or weak (broken arrows), whereas interactions between the two C-terminal tails are shown as either moderate (thin arrow) or weak (broken arrows). Inhibition by AR-C155858 is indicated by an arrow directing the inhibitor into its binding site. The loss of this inhibition is indicated by an occlusion of the AR-C155858-binding site.](bic576i007){#F7}

MCT2 requires embigin for optimal expression in *Xenopus* oocytes
-----------------------------------------------------------------

We have shown previously that MCT2 is active when expressed in *Xenopus* oocytes \[[@B4]\], but that rates of lactate transport are substantially lower than for either MCT1 or MCT4 \[[@B38]\]. In mammalian cells, we have shown that MCT2 preferentially associates with embigin and that co-expression of embigin rather than basigin with MCT2 is required to obtain plasma membrane expression of MCT2 \[[@B22]\]. In the present study, we have demonstrated that co-expression of embigin with MCT2 also enhances the plasma membrane expression and activity of MCT2 in *Xenopus* oocytes which contain endogenous basigin, but not embigin ([Figures 1](#F1){ref-type="fig"} and [2](#F2){ref-type="fig"}). The expression of MCT2 in the absence of embigin is assumed to reflect an association with endogenous *Xenopus* basigin, since knockdown of this basigin using antisense cDNA greatly reduced MCT2 expression and the associated lactate transport ([Figure 1](#F1){ref-type="fig"}D). It would appear that the C-terminal tail of MCT2 must enable this interaction with endogenous basigin because its removal prevented plasma membrane expression of MCT2 unless embigin was co-expressed. In contrast, MCT1 without its C-terminal tail (MCT1trn) was expressed to an extent similar to both full-length MCT1 and the MCT1/2c construct, and embigin was without effect on their expression. The MCT2/1c construct was also expressed in the absence of embigin, but, in this case, expression was enhanced when embigin was co-expressed ([Figure 5](#F5){ref-type="fig"}A). However, the stimulation of transport seen by co-expression with embigin was less for MCT2/1c than MCT2, implying that the presence of the MCT1 C-terminus on MCT2 enhanced its association with endogenous basigin relative to full-length MCT2.

Taken together, these data suggest that the interaction of MCT2 with its ancillary protein involves two components: the primary association of the TM domain of the ancillary protein with TMs 3 and 6 of MCT2 as proposed previously \[[@B21],[@B22],[@B31]\] and a secondary interaction between the C-terminal tail of MCT2 and the C-terminal tail of the ancillary protein. When embigin is the ancillary protein, the interaction with TMs 3 and 6 is sufficient to allow some expression, but this is enhanced by addition of the C-terminal tail of either MCT1 or MCT2 to allow additional interactions with the C-terminus of exogenous embigin. However, the interaction of TMs 3 and 6 of MCT2 with endogenous basigin may be relatively weak compared with that of embigin and thus, in the absence of embigin, the C-terminal tail of either MCT2 or MCT1 is required to enhance the interaction with endogenous basigin sufficiently to allow the plasma membrane expression of the two proteins. The C-terminal tail of MCT1 is more effective than that of MCT2 in this regard ([Figure 5](#F5){ref-type="fig"}A) and it may be significant that the amino acid sequences of these C-terminal tails show little sequence conservation. Such an interaction between the C-terminal tail of MCT1 and MCT2 with their ancillary protein is consistent with previous data from this laboratory using FRET (fluorescence resonance energy transfer) between either MCT1 or MCT2 tagged at the C-terminus with YFP (yellow fluorescent protein) and basigin or embigin tagged at their C-terminus with CFP (cyan fluorescent protein). FRET was observed when MCT1--CFP was co-expressed with basigin--YFP \[[@B31]\] and when MCT2--YFP was co-expressed with embigin--CFP \[[@B22]\].

Embigin decreases the affinity of MCT2, but not MCT1, for AR-C155858
--------------------------------------------------------------------

Although our data do not allow determination of absolute *K*~i~ values for AR-C155858, [Figures 2](#F2){ref-type="fig"} and [3](#F3){ref-type="fig"} show that, when associated with embigin, the inhibitor sensitivity of MCT2 decreased relative to that of MCT2 associated with endogenous basigin. This is not without precedent, since we have demonstrated previously that inhibition of MCT1-mediated lactate transport by the organomercurial reagent pCMBS (*p*-chloromercuribenzene sulfonate) occurs when MCT1 associates with basigin, but not embigin \[[@B22]\]. Unlike pCMBS, AR-C155858 binds to an intracellular site on the MCT \[[@B38]\] and thus the insensitivity of MCT2/embigin to inhibition by AR-C155858 is likely to involve an effect of the embigin on either the access to or shape of the intracellular inhibitor-binding domain. The former could involve the intracellular tail of embigin interacting with the intracellular face of MCT2 in a manner that is not possible with MCT1. The latter could indicate that the interaction of the TM domain of embigin, but not basigin, with TMs 3 and 6 of MCT1 and MCT2 causes a subtle change in the shape of the intracellular binding pocket of the MCT sufficient to prevent inhibitor binding in MCT2, but not MCT1. Such an effect might also account for the lower *k*~cat~ of MCT1 in rat erythrocytes, where it associates with embigin, compared with MCT1 in rabbit erythrocytes, where basigin is the ancillary protein. Interestingly, the binding affinity of AR-C155858 to MCT1 and MCT2 expressed in yeast, where there is no basigin or embigin, is also different, with *K*~d~ values of 4.9 and 100 nM respectively \[[@B38]\]. Thus it is possible that association of MCT2 with basigin enhances AR-C155858 binding, whereas association with embigin has either no effect or reduces binding affinity. No such effects are apparent with MCT1.

Conclusions
-----------

In order to reconcile all of the results of the present study, we propose the scheme shown in [Figure 7](#F7){ref-type="fig"}. The key features of this proposal are as follows.

\(i\) MCT2 binds preferentially to embigin over endogenous basigin, with the binding to the latter requiring an interaction between the C-termini of both proteins that is not required by MCT1. Thus MCT1trn, but not MCT2trn, expresses well in the absence of co-expressed embigin.

\(ii\) MCT1 associates with embigin in the absence of basigin, but prefers the latter as binding partner when both are present, unless the C-terminal tail of MCT2 replaces the MCT1 C-terminus (MCT1/2c) when binding to embigin is promoted.

\(iii\) When bound to embigin, the binding affinity of AR-C155858 to MCT2, but not MCT1, is greatly reduced and this effect is independent of the presence of the C-terminal tail of MCT2.

Our data emphasize that the potency with which AR-C155858 inhibits MCT2 is dependent on the ancillary protein with which it associates. In mammalian cells, embigin is the preferred endogenous binding partner of MCT2 \[[@B22]\] and thus MCT2-mediated lactate transport is likely to be considerably less sensitive to inhibition by AR-C155858 than that mediated by MCT1. This may justify the cautious use of AR-C155858 to dissect out the different roles of MCT1 (very sensitive to AR-C155858), MCT2 (less sensitive to AR-C155858) and MCT4 (insensitive to AR-C155858) in the metabolism of tissues such as the brain, as has been reported by Bröer and colleagues \[[@B41]\]. However, the development of totally isoform-specific inhibitors of MCTs that are not influenced by the associated ancillary protein is clearly desirable.

Online data
===========

###### Supplementary data
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